InTroduCTIon
During primary percutaneous coronary intervention (PCI), a concurrent chronic total occlusion (CTO) in a non-infarct-related artery is (accidentally) found in about 10%-15% of patients with ST-segment elevation myocardial infarction (STEMI).
1 2 The presence of this concurrent CTO is a strong predictor for both short-term and longterm mortality. 1 3 4 The adverse impact of a CTO in patients with STEMI is present in an early phase after primary PCI and remains consistently even after excluding the early deaths. 5 In elective setting, long-term benefits of CTO-PCI have been suggested: improved survival, reduced need for coronary artery bypass grafting (CABG) and a lower incidence of future myocardial infarction (MI). 6 7 In successfully treated patients with STEMI, the Evaluating Xience and left ventricular function in PCI on occlusiOns afteR STEMI (EXPLORE) was the first randomised trial that evaluated the effect of routine early CTO-PCI (within 7 days postprimary PCI) versus a conservative strategy (cq. CTO-No PCI). The primary end point was not met: CTO-PCI compared with CTO-No PCI did not result in higher left ventricular ejection fraction (LVEF) and lower left ventricular end-diastolic volume (LVEDV). However, follow-up was relatively short (4 months) without any differences in the low major adverse cardiac event (MACE) rates in both arms (5.4% vs 4.0%, P=0.25) and angina status was not reported. 8 For this reason, our objective was to evaluate the effect of CTO-PCI compared with CTO-No PCI on mid-term and long-term clinical outcome, LV function (LVF) and angina status in patients with STEMI with a concurrent CTO.
MeThods study patients
Study trial design, methods and results were described previously. 8 9 Briefly, the EXPLORE trial consisted of 302 patients, who after successful primary PCI gave written informed consent, of which 148 patients were randomised to CTO-PCI within 7 days post-STEMI and 154 patients to CTO-No PCI for at least 4 months. The two randomisation arms were comparable with respect to baseline characteristics (see online supplementary table 1). In the CTO-PCI arm, the CTO-PCI was performed on average at 5.0±1.9 days post-STEMI and one patient refused CTO-PCI. In the CTO-PCI arm, the investigator-reported procedural success rate was 77%, the core lab adjudicated success rate was 73%. Patients with successful CTO-PCI received on average two stents (1-3) for the CTO lesion of which 90% received everolimus-eluting stents. There were no significant differences between the two treatment arms regarding the primary end points; LVEF and LVEDV at 4 months. The study was conducted in accordance with the Declaration of Helsinki.
Angiographic and cardiovascular magnetic resonance core lab analyses
All baseline coronary angiograms, (non)-CTO-PCI procedural characteristics and complications were adjudicated by an independent dedicated blinded core lab and calculation of synergy between percutaneous coronary intervention with TAXUS and cardiac surgery (SYNTAX) scores was performed by Cardialysis, Rotterdam. An independent core lab (Clinfact Core Lab, Leiden, the Netherlands) performed quality control and blinded central analysis of the cardiovascular magnetic resonance (CMR) images using dedicated software (QMass MR analytical software V.7.6 Medis BV, Leiden, the Netherlands). CMR methods were previously described.
outcomes
To assess clinical status and adverse events, patients were seen at the outpatient clinic 4 months and 1 year after randomisation. At 2, 3, 4 and 5 years, clinical follow-up was performed through telephone contact. Patients were asked for their angina status (Canadian Cardiovascular Society grading of angina pectoris (CCS)) and dyspnoea class (New York Heart Association functional classification (NYHA)). All potential outcome events were recorded in a dedicated database. If a patient could not be contacted, information was obtained from the treating cardiologist, hospital records or general practitioner. Data were censored at 5 years (1826 days) of follow-up or known date of last contact. All clinical events were adjudicated by a clinical event committee blinded for randomisation outcome. The primary end point for this study was MACE, defined as the composite of cardiac death, MI and CABG. Other clinical end points included all-cause death, (repeat) PCI, stent thrombosis, stroke and major bleeding. The definition of cardiac death was according to the Academic Research Consortium (ARC) criteria and the definition of MI according to the third universal definition of MI criteria. All MI consisted of spontaneous (type 1), periprocedural (type 4a) and related to stent thrombosis (type 4b). Target-lesion PCI was characterised as PCI of the (treated) CTO lesion according to ARC criteria. Any repeat PCI was defined as a repeat PCI excluding the planned staged PCIs within the first 7 days. In our original protocol, the decision to perform PCI of non-target lesion revascularisation (non-TLR) co-existing lesions had to be made before randomisation and this additional PCI procedure must have been performed within 1 week after the index STEMI. After the first week, revascularisation was only indicated when clinically and/or ischaemia driven and preferably performed after 4 months. 9 The definition of stent thrombosis was according to ARC criteria. 10 At 1-year follow-up, patients were asked to undergo an additional CMR.
statistical analysis
Analyses were performed on intention-to-treat analysis. The as-treated analysis was performed in all patients with an attempted CTO-PCI before 6 months follow-up compared with CTO-No PCI within 6 months. Categorical data were expressed as frequencies (percentages) and continuous data as mean (±SD). The statistical comparisons of the treatment arms were performed using the independent-samples t-test, or Fisher's exact probability test in case of binary end points. For the cumulative event rates of MACE and other end points, Kaplan-Meier curves displaying the pattern of events over the follow-up period were constructed and compared using the log-rank test. Hazard ratios (HR) with 95% CIs were obtained with Cox proportional hazards models with treatment allocation as the only covariate. The proportional hazards assumptions were verified by graphical examination and by testing the statistical significance of the interaction between treatment and time. For hypothesis generating purposes only a post hoc subgroup analysis was performed in the a priori selected subgroups from the main trial, using formal testing for interaction. Ten baseline characteristics were examined for both outcomes: MACE and mortality. On the basis of change alone up to two statistically significant interaction tests would be expected (P<0.05). All P values were two-sided and a P value of <0.05 was considered to be statistically significant. Statistical analysis was performed with the Statistical Package for Social Sciences software (SPSS V.23.0 for windows).
resulTs
A total of 302 patients with STEMI with a concurrent CTO were included and randomised to CTO-PCI within 7 days (n=148) or CTO-No PCI within 4 months (n=154) (see online supplementary table 1). The median follow-up of the total group was 3.9 (2.1-5.0) years for clinical outcome. During long-term follow-up, 21 patients died, 14 in the CTO-PCI and 7 in the CTO-No PCI arm.
one-year follow-up
All patients completed 1-year follow-up. There was no significant difference in MACE between the CTO-PCI and the CTO-No PCI arm (7.4% vs 6.5%, P=0.82) after 1-year follow-up (table 1) 
long-term clinical outcome
The Kaplan-Meier estimates for the composite end point of MACE were not significantly different between the treatment arms (13.5% vs 12.3%, HR 1.03, 95% CI 0.54 to 1.98; P=0.93) (figure 1). However, cardiac death occurred significantly more in the CTO-PCI arm compared with CTO-No PCI (6.0% vs 1.0%, P=0.02) with no significant difference in all-cause mortality (12.9% vs 6.2%, HR 2.07, 95% CI 0.84 to 5.14; P=0.11) (figure 2). The causes of all the deaths in relation to baseline characteristics and randomisation outcome are shown in table 3. Three patients in the CTO-PCI arm underwent CABG versus five in the CTO-No PCI arm (2.1% vs 3.5%), for MI this was 12 vs 13 patients (9.2% vs 8.7%) (table 1).
The occurrence of any repeat PCI was not significantly different between the treatment strategies (25.7% vs 29.3%, HR 0.74, 95% CI 0.46 to 1.16; P=0.19) (see online supplementary figure 1). More than 20% of the patients (n=36) in the CTO-No PCI arm did eventually undergo CTO-PCI (between 1 and 1257 days after randomisation) and in the CTO-PCI arm 13 patients (9.9%) underwent repeat PCI of the CTO lesion Coronary artery disease during follow-up. The number of events for stent thrombosis, stroke and bleeding are given in table 4.
For the end point of long-term MACE, there was a significant interaction between two-vessel disease and randomised treatment assignment (P=0.01). In patients with two-vessel disease, MACE rates were lower in the CTO-PCI arm compared with CTO-No PCI. Other subgroup analyses revealed no further significant interactions between CTO-PCI and CTO-No PCI with respect to age, gender, diabetes, culprit location, CTO location, baseline LVEF, baseline LVEDV and SYNTAX score nor for the end point long-term mortality (see online supplementary figures 2 and 3).
Prognostic factors for clinical outcome
For explorative purposes, we analysed the study population combined; higher long-term MACE rates were seen in patients who had a SYNTAX score greater than the mean (17% vs 8%; HR 2.31; 95% CI 1.16 to 4.63; P=0.02). Long-term mortality was higher in patients who were older (>60 years) (11% vs 3%; HR 3.74; 95% CI 1.37 to 10.21; P=0.01), who had diabetes (15% vs 6%; HR 2.94; 95% CI 1.19 to 7.30; P=0.02), a higher LVEDV at baseline (12% vs 1%; HR 13.04; 95% CI 1.70 to 100.30; P=0.01) and who had a high SYNTAX score (10% vs 4%; HR 2.50; 95% CI 1.01 to 6.20; P=0.048) (see online supplementary tables 3 and 4).
successful versus failed CTo-PCI
In the patients who underwent CTO-PCI (n=147), long-term outcomes for successful (n=106) versus failed CTO-PCI (n=41) were compared. Long-term MACE was not significantly different between the successful and failed CTO-PCI arms (P=0.66). Also all-cause mortality was not significantly different between the two arms (see online supplementary figures 4 and 5).
Angina and dyspnoea status at follow-up
In online supplementary table 5, NYHA dyspnoea class, CCS angina status and medication at 1-year follow-up are described. At 1-year follow-up, the angina status was recorded from 291 (96%) patients. There were more patients with freedom of Analyses were performed on a intention-to-treat basis. CTO, chronic total occlusion; CABG, coronary artery bypass graft; MACE, major adverse cardiac events; MI, myocardial infarction; PCI, percutaneous coronary intervention.
angina in the CTO-PCI arm compared with CTO-No PCI (94% vs 87%, P=0.03). After 1-year follow-up, there were no significant differences in angina complaints between the CTO-PCI and CTO-No PCI arms (figure 3).
dIsCussIon
The EXPLORE trial is the first randomised trial presenting longterm data on the effect of additional CTO-PCI versus CTO-No PCI after successful primary PCI in patients with STEMI with a concurrent CTO. This present study confirms and extends the previous short-term results from the EXPLORE trial. 8 We could not demonstrate a beneficial effect of routine early CTO-PCI on MACE at long-term follow-up nor on 1-year LVF. However, we did find a significantly higher rate of cardiac death in patients randomised to CTO-PCI at a median of 3.9 years follow-up. Furthermore, we found that patients randomised to CTO-PCI had less angina complaints at 1 year follow-up. Although this trial was not powered for clinical end points, it is thus far the only trial to randomly compare CTO-PCI versus CTO-No PCI in patients with STEMI, and it is the only trial reporting longterm follow-up.
To date, earlier observational studies reported that in elective as well as in patients with STEMI successful compared with failed CTO-PCI was associated with improved clinical outcome at follow-up. [11] [12] [13] [14] [15] However, Lee et al found no association of successful CTO-PCI on survival in 1173 elective patients with CTO. 16 Nonetheless, previous studies were not randomised and lacked a comparison with a conservative control (CTO-No PCI). The Drug-Eluting Stent Implantation Versus Optimal Medical Treatment in Patients with Chronic Total Occlusion (DECISION-CTO) trial was the first randomised study in elective patients with CTO with stable angina. 17 The primary end point of all-cause mortality, MI, stroke and revascularisation did not differ between CTO-PCI or optimal medical therapy only (OMT) (n=834). In the EuroCTO trial at 1-year follow-up any adverse event rates were not significantly different between CTO-PCI (n=259) and OMT (n=137). 18 In the post-STEMI setting, the first and only randomised EXPLORE trial did also not show a significant difference in MACE between CTO-PCI and CTO-No PCI. Previous randomised trials in patients with 
Coronary artery disease
STEMI with multivessel disease (mostly excluding CTO lesions) did show benefit of (staged) PCI after primary PCI compared with culprit-only PCI in terms of the composite end point. [19] [20] [21] However, the benefit of staged multivessel PCI treatment was mainly due to a decrease in revascularisations with no significant decrease in mortality or recurrent MI. 22 In the EXPLORE trial, we did find a higher number of cardiac deaths in patients randomised to CTO-PCI, which could be related to the post-STEMI setting and timing of CTO-PCI. The randomised CTO-PCI was performed after 5±2 days (semi-acute phase) with the theoretical protective benefit of providing collateral supply during future events.
However, little is known about the potential harm of CTO-PCI early after primary PCI. During the acute setting of STEMI, and during the recovery, inflammation plays an important role, which could lead to larger infarct sizes and adverse LV remodelling after (staged) non-culprit PCI. 23 24 Nonetheless, the numbers are small and the difference in cardiac mortality does not seem to be directly related to the CTO-PCI procedure. Even though only 60% of the patients in the CTO-PCI arm was still on dual antiplatelet therapy at 1-year follow-up, no difference in the occurrence of stent thrombosis compared with patients with CTO-No PCI was found. Furthermore, only one deceased patient in the CTO-PCI arm had a stent thrombosis of the CTO together with a stent thrombosis of the culprit lesion. The remaining 7 patients died because of non-CTO stent thrombosis (n=1), were found dead (n=3) or heart failure (n=3). Also it is noticeable that the incidence of cardiac death in the conservative arm is much lower than expected (1%). Additionally, no serious procedure-related events and no periprocedural deaths occurred during CTO-PCI. Although not adequately powered, our trial showed the same risk factors for mortality as in previous studies: patients who are older, have diabetes, a lower LVEF or higher LVEDV at baseline, a higher SYNTAX score and a CTO located in the left anterior descending artery (LAD) have a worse outcome. 25 26 In the EXPLORE main paper, a significant interaction on LVEF was found in patients with a CTO in the LAD in favour of CTO-PCI. However, in-depth analysis of LV recovery in serial CMR data did not support this finding. 27 Furthermore, subgroup analysis for long-term MACE and mortality revealed no significant interaction for CTO location. We did find a significant interaction between two-vessel disease and MACE which is difficult to explain. Unfortunately, we do not have data on the completeness of revascularisation and therefore it is possible that the patients with two-vessel disease in the CTO-PCI arm had a more complete (non-TLR) revascularisation status leading to improved outcome.
In the EXPLORE trial, we found that at 1-year follow-up there were numerically fewer patients with angina complaints in the CTO-PCI arm compared with CTO-No PCI. In the EuroCTO trial, CTO-PCI also improved the functional angina class compared with OMT at 12 months follow-up. Furthermore health status (angina frequency), physical limitations and quality of life were improved after CTO-PCI. 18 In an observational prospective study of 50 patients with CTO with complete revascularisation, there were significant increases from baseline to 7-month follow-up in peak oxygen consumption (+12.40%), work rate (+13.63%), anaerobic threshold (+27.87%) and oxygen pulse (+8.75%). Furthermore, there was a significant improvement in NYHA and CCS classification. 28 However, these effect were all seen at relatively shortterm follow-up (maximum of 1 year) and the effect of CTO-PCI on functional status beyond 1 year needs to be determined.
Our data emphasise the need for a careful selection of patients that will benefit from CTO-PCI by making a thorough risk/benefit assessment. According to the guidelines, treatment of CTO lesions should only be considered after objectives of viability or ischaemia in the CTO territory or expected relief in angina symptoms (class IIa, level B). 29 Nonetheless, thus far in randomised setting none of the conducted studies showed significant benefit of CTO-PCI compared with OMT on LVF nor on clinical outcome. Although in the EXPLORE CMR substudy, revascularisation of the dysfunctional myocardium supplied by the CTO resulted in a better recovery of regional LV function, when compared with CTO-No PCI (ΔSWT 17%±27% vs 11±23%, P=0.03).
30
The Sham-Controlled Intervention to Improve Quality of Life in CTOs (SHINE-CTO: NCT02784418) will be the first sham-controlled trial to randomise patients to CTO-PCI or sham procedure to evaluate the effect of CTO-PCI on patients' symptoms. Although performing clinical CTO trials is challenging, randomised data on the real effects of CTO-PCI remain essential to establish if CTO-PCI is the optimal treatment or whether CTO-PCI can be postponed, as there are no clear beneficial effects and symptoms might decrease over time, in these more complex and high-risk patients.
study limitations
There are several limitations applicable to this study. The EXPLORE trial was not powered to detect differences in clinical outcomes. As in most randomised controlled trials, a selection of patients has occurred. One-year CMR was optional in the study protocol and therefore only available in 94 patients. In the CTO-No PCI arm, there were 36 patients who did undergo CTO-PCI during follow-up, which makes evaluations of the real long-term effect of CTO-PCI more complex. Evaluation of the functional (angina) status was done during the follow-up (telephone) visits; however, no standardised angina assessments were used. The EXPLORE trial included over a period of 8 years and during this period there have been major improvements in procedural techniques and devices, together with increasing operator experiences. Nevertheless, the EXPLORE trial is thus far the only CTO trial that completed enrolment of the planned number of patients.
ConClusIon
In patients with STEMI and a concurrent CTO, we found no difference in long-term MACE between the CTO-PCI arm and the CTO-No PCI arm. After the time-window for the primary end points >20% of patients randomised to CTO-No PCI underwent elective CTO-PCI. There was a numerically higher cardiac death rate in the CTO-PCI arm with no difference in all-cause mortality. Nonetheless, there were more patients with freedom of angina at 1-year follow-up in the CTO-PCI compared with CTO-No PCI arm. Further research will be needed to explore if in selected patients CTO-PCI can reduce (angina) outcomes and improve cardiopulmonary exercise capacity.
Key questions
What is already known on this subject? Observational studies have reported that in patients with ST-elevation myocardial infarction (STEMI) with a concurrent chronic total occlusion (CTO) successful compared with failed CTO-percutaneous coronary intervention (PCI) is associated with improved clinical outcome at follow-up. However, none of these studies was randomised and all studies lacked a comparison with a conservative control (CTO-No PCI).
What might this study add?
In this randomised trial involving patients with STEMI after successful primary PCI with a concurrent CTO, we could not demonstrate a beneficial effect of routine early CTO-PCI compared with CTO-NO PCI on major adverse cardiac events at long-term follow-up. However, we did find that patients randomised to CTO-PCI compared with CTO-No PCI had less frequent angina complaints at 1 year.
how might this impact on clinical practice? Our findings do not support a routine early CTO-PCI in patients with STEMI presenting with a concurrent CTO during primary PCI. Importantly, further randomised studies on the effects of CTO-PCI, compared with CTO-No PCI, are crucial to establish if CTO-PCI is the optimal treatment in these complex and high-risk patients.
